Abstract. Tumor cells express NKG2D ligands on their cell surface, which are the ligands of the activating receptor, NKG2D, that is expressed on the surface of NK cells. The binding of NK cells to tumor cells through the interaction of NKG2D and its ligands induces the cytolysis of the tumor cells. In the present study, we investigated the effects of hypoxia on the expression of NKG2D ligands on the surface of human osteosarcoma cells using three cell lines. To produce hypoxic and normoxic conditions, the osteosarcoma cell lines were cultured under 1 and 20% O 2 conditions, respectively. The osteosarcoma cells expressed NKG2D ligands such as MHC class I-related chain molecules A and B (MICA and MICB) and the UL16-binding proteins 1, 2 and 3 (ULBP 1, 2 and 3). MICA was the most frequently expressed NKG2D ligand in the osteosarcoma cells. Hypoxia decreased the expression of cell surface MICA only without increasing the secretion of soluble MICA, which is produced by proteolytic cleavage of cell surface MICA. Hypoxia consistently decreased the susceptibility of the osteosarcoma cells to the cytotoxicity of the NK cells. Hypoxia induced the expression of hypoxia-inducible factor-1α (HIF-1α), and knockdown of the expression of HIF-1α using small interfering RNA increased the expression of cell surface MICA and concomitantly increased the level of soluble MICA. Hypoxia decreased the production of nitric oxide (NO) metabolites (nitrite and nitrate), thus, indicating a decreasing effect on NO production. However, a NO donor, NOC18, decreased the expression of cell surface MICA without any apparent effects on the expression of HIF-1α under both hypoxic and normoxic conditions. The present results indicate that hypoxia downregulates the expression of cell surface MICA without increasing the level of soluble MICA in a HIF-1α-dependent manner and suggest that the effects of hypoxia are not linked to the hypoxia-induced reduction of NO production.
Introduction
Hypoxia is a common condition found within a variety of solid tumors. Adaptive responses of tumor cells to hypoxia develop the malignant phenotypes of the tumor cells, which promotes angiogenesis, invasion, metastasis and resistance to chemotherapy and radiotherapy (1) (2) (3) . Hypoxia-inducing factor-1 (HIF-1) plays a pivotal role in the adaptive responses of tumor cells to hypoxia. HIF-1, which is a heterodimer with an oxygensensitive HIF-1α subunit and a constitutively expressed HIF-1β subunit, binds the hypoxia-responsive element and activates the transcription of target genes (4) (5) (6) . Under normoxia, HIF-1α is rapidly degraded by the ubiquitin-proteasome pathway; however, under hypoxia, HIF-1α is stabilized and accumulates in cells (5, 7) .
Tumor cells express NKG2D ligands on their cell surface, which are ligands of an activating receptor, NKG2D, that is expressed on the cell surface of cytotoxic immune cells, such as NK, γδ + T and CD8 + αβ + T cells (8, 9) . In humans, there are two families of NKG2D ligands, the MHC class I-related chain molecules A and B (MICA and MICB) and the UL16-binding proteins (ULBP) (8) . The binding of an NKG2D receptor to its ligand activates NK and γδ + T cells and co-stimulates tumor-antigen-specific CD8 + αβ + T cells (8, 9) . Therefore, the NKG2D ligands on the surface of tumor cells are important for the cytotoxicity of immune cells. On the other hand, tumor cells produce soluble forms of NKG2D ligands by proteolytic cleavage of their extracellular domains (8, (10) (11) (12) (13) . Soluble forms of NKG2D ligands interfere with the binding of NKG2D ligands on the surface of tumor cells to NKG2D receptors on the surface of cytotoxic immune cells, and the binding of soluble NKG2D ligands to NKG2D receptors downregulates the NKG2D receptors on the surface of cytotoxic immune cells (8, (13) (14) (15) (16) Regarding the effects of hypoxia on immune surveillance, there are many studies on the hypoxia-induced inhibition of cytotoxic activity of immune cells (17) ; however, only a few studies have addressed the effects of hypoxia on immune escape by tumor cells (18, 19) . In this study, we examined the effects of hypoxia on the expression of the cell surface NKG2D ligands of osteosarcoma cells, the secretion of soluble NKG2D ligands and the role of HIF-1α in the hypoxia-induced effects. Several studies have previously shown such hypoxia-induced effects to be produced by the hypoxia-induced inhibition of the nitric oxide (NO) signaling pathway (18) (19) (20) (21) (22) and that NO modulates hypoxia-induced cellular events (23, 24) . Therefore, we also examined the role of NO in hypoxia-induced effects.
Materials and methods
Cell culture. U2-OS human osteosarcoma cells and NK-92 human natural killer cells were purchased from the American Type Culture Collection (Rockville, MD, USA). HOS and SaOS-2 human osteosarcoma cells were purchased from the Riken BRC Cell Bank (Tsukuba, Ibaragi, Japan). All osteosarcoma cells were maintained in Dulbecco's modified Eagle's medium (DMEM) (Invitrogen, Carlsbad, CA, USA) containing 10% fetal bovine serum (FBS) (PAA, Pasching, Oberosterreich, Austria). Human NK cells were cultured in Minimum Essential Medium Alpha Medium (Invitrogen) containing 12.5% horse serum (MP Biomedicals, Solon, OH, USA), 12.5% FBS, 0.2 mM inositol (Sigma, St. Louis, MO, USA), 0.1 mM 2-mercaptoethanol (Wako, Osaka, Japan), 0.02 mM folic acid (Sigma) and 100 U/ml recombinant human IL-2 (Peprotech, Rocky Hill, NJ, USA). For the cell cultures under 20% O 2 conditions, the cells were cultured in a humidified atmosphere of 5% CO 2 in air at 37˚C. For the cell cultures under 1% O 2 conditions, the cells were cultured in a humidified atmosphere of 1% O 2 and 5% CO 2 in N 2 at 37˚C using a CO 2 Multi GAS incubator (Astec, Fukuoka, Japan).
Growth of the osteosarcoma cells. Cells seeded at 1x10
3 cells per well of 96-well tissue culture plates were cultured in 100 µl of DMEM containing 10% FBS under either 20 or 1% O 2 conditions for 72 h. The number of viable cells in each well was estimated using a Cell counting kit-8 (Dojindo, Kumamoto, Japan).
Flow cytometry. The cells were harvested using a brief treatment with 0.25% trypsin and 0.1 mM EDTA in phosphate-buffered saline (PBS), pH 7.4, resuspended in an ice-cold FACS buffer (PBS containing 2% FBS) and incubated with either phycoerythrin (PE)-labeled mouse anti-human MICA mAb (monoclonal IgG antibody) (100-fold dilution), mouse anti-human MICB mAb (100-fold dilution), mouse anti-human ULBP1 mAb (100-fold dilution), mouse anti-human ULBP2 mAb (100-fold dilution) or mouse anti-human ULBP3 mAb (100-fold dilution) on ice for 30 min. As a control, cells were incubated with mouse IgG. When incubated with an unlabelled mAb, the cells were washed with FACS buffer and further incubated with the PE-labeled goat anti-mouse IgG (200-fold dilution) on ice for 30 min. The cells were then washed with FACS buffer and analyzed using a FACSCalibur flow cytometer (Becton Dickinson, Mountain View, CA, USA) and the percentage of positive cells was determined. Cells (10,000) were used for each flow cytometric analysis. All antibodies and mouse IgG used for flow cytometry were purchased from R&D Systems (Minneapolis, MN, USA).
Western blot analysis. The cultured cells were homogenized with lysis buffer containing 50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 0.1% SDS, 1% Triton X-100, 1% sodium deoxycholate and a cocktail of protease inhibitors (Complete) (Roche, Penzberg, Bavaria, Germany) using a sonicator (Sonics & Materials, Newtown, CT, USA). An aliquot of the cell homogenate containing 25 µg of proteins was boiled in a SDS sample buffer (New England BioLabs, Ipswich, MA, USA) and subjected to electrophoresis in a denaturing 5-10% SDS-polyacrylamide gradient gel (Atto, Tokyo, Japan). The separated proteins were transferred onto a polyvinylidene difluoride membrane (Fine Trap) (Nihon Eido, Tokyo, Japan). The membranes were blocked with 5% non-fat dry milk in PBS containing 0.1% Tween-20 and incubated with primary mouse anti-human HIF-1α mAb (2,000-fold dilution) (BD Biosciences, Franklin Lakes, NJ, USA), rabbit anti-human MICA pAb (polyclonal antibody) (2,000-fold dilution) (GeneTex, Irvine, CA, USA) and rabbit anti-GAPDH pAb (4,000-fold dilution) (GeneTex) or rabbit anti-human β-actin pAb (4,000-fold dilution) (Thermo Fisher Scientific, Fremont, CA, USA) at room temperature for 1 h. Proteins bound to the primary antibodies were detected using a horseradish peroxidase (HRP)-conjugated goat antirabbit IgG or HRP-conjugated goat anti-mouse IgG (Santa Cruz Biotechnology, Santa Cruz, CA, USA) and ECL Western Blotting Detection reagents (GE Healthcare, Little Chalfont, UK).
Quantitative real-time reverse transcription-polymerase chain reaction (real-time RT-PCR).
Total-RNA was extracted from the cells using a TRIzol reagent (Invitrogen) and DNase (1 U/µl) (Wako). The cDNAs were synthesized and amplified using an RNA-direct™ SYBR-Green Real-time PCR Master mix (Toyobo, Osaka, Japan) and the following specific primers: sense, and placed into wells of 96-well plates. The cells were incubated at 37˚C for 4 h in a humidified atmosphere of 5% CO 2 in air. The cytotoxicity assay was performed using a Cytotoxicity Detection kitplus (Roche).
Assay of soluble MICA and MICB. The levels of soluble MICA and MICB in culture medium were determined using DuoSet ELISA Development kits for MICA and MICB (R&D Systems).
Assay of nitrite and nitrate. Osteosarcoma cells seeded at 5x10 5 cells per well in 6-well tissue culture plates were cultured in 5 ml of medium for 24 h. Then, the culture medium was changed to a medium with or without 100 µM NOC18 [1-Hydroxy-2-oxo-3,3-bis(2-aminoethyl)-1-triazene] (Dojindo) and cultured for 24 h under either 20 or 1% O 2 conditions. After the culture was completed, the medium was collected and the amount of nitrite and nitrate in the culture medium was measured using a NO 2 /NO 3 Assay kit CII (Dojindo). 4 osteosarcoma cells suspended in 500 µl of Opti-MEM medium were added into each well, which resulted in a final siRNA concentration of 10 nM, and the cells were cultured for 24 h. Then, the medium was changed to 1 ml of DMEM containing 10% FBS and the cells were cultured for another 24 h under either 20 or 1% O 2 conditions. After the culture was completed, the medium and the cells were collected for assay of soluble MICA and soluble MICB in the medium and analyses of the amounts of HIF-1α mRNA, HIF-1α protein and MICA.
Statistical analysis. The data of two groups were analyzed using Student's t-test, and the data of three or more groups were analyzed using the Bonferroni multiple comparison test. A P-value of <0.05 was considered to be significant.
Results

Effects of hypoxia on the growth of osteosarcoma cell lines.
HOS, U2-OS and SaOS-2 cells were cultured in normoxic (20% CO 2 ) and hypoxic (1% O 2 ) conditions for 72 h. When the average viable cell number in the normoxic conditions was expressed as 1, the viable cell numbers (means ± SE, n=12) in the hypoxic conditions were 1.02±0.06 for HOS cells, 0.99±0.05 for U2-OS cells and 0.98±0.04 for SaOS-2 cells, respectively, and hypoxia did not affect the growth of the osteosarcoma cells for at least 72 h.
Effects of hypoxia on cell surface NKG2D ligands and their soluble forms. Osteosarcoma cells were cultured for 72 h in normoxic and hypoxic conditions, and the expression of cell surface NKG2D ligands and the amounts of their soluble forms in the medium were examined. As shown in Fig. 1 , three osteosarcoma cell lines expressed cell surface MICA and ULBP2 in high percentages, whereas cell surface MICB, ULBP1 and ULBP3 were expressed in very low percentages. Hypoxia decreased the expression of cell surface MICA significantly; however, the expression of ULBP2 did not decrease. Hypoxia increased the expression of cell surface MICB and ULBP1 in U2-OS cells a little; however, it did not affect the expression of cell surface MICB or ULBP1 in HOS and SaOS-2 cells. Hypoxia did not affect the expression of ULBP3 in any of the three osteosarcoma cell lines.
The amount of soluble MICA detected in the medium was much lower than that of soluble MICB. Hypoxia did not affect the amounts of either soluble MICA or soluble MICB in the medium (Fig. 2) .
Effects of hypoxia on the susceptibility of osteosarcoma cell lines to NK cells.
Since hypoxia decreased the expression of cell surface MICA in the osteosarcoma cells, the effect of this decrease on the susceptibility of osteosarcoma cells to the cytotoxicity of NK cells was examined (Fig. 3) . Culture of three osteosarcoma cell lines for 72 h under hypoxic conditions decreased the susceptibility of all three osteosarcoma cell lines to NK cells.
Role of hypoxia-induced expression of HIF-1α. It has been reported that hypoxia induces the accumulation of HIF-1α
proteins and that hypoxia-induced cellular events are mediated by HIF-1α (4, 5) . Therefore, the role of HIF-1α in the hypoxiainduced decrease in the expression of cell surface MICA was investigated.
Hypoxia for 24 h increased the amount of HIF-1α and decreased the amount of MICA in all three osteosarcoma cell lines (Fig. 4A) . However, hypoxia did not increase the amount of mRNA of both HIF-1α and MICA (Fig. 4B) .
To determine whether the hypoxia-induced decrease in the amount of MICA is mediated by HIF-1α, we knocked down HIF-1α mRNA using siRNA (siHIF-1 or siHIF-2). The HIF-1α siRNA transfection decreased the HIF-1α mRNA expression (Fig. 5 ) and increased the MICA mRNA expression in the three osteosarcoma cell lines cultured under both normoxic and hypoxic conditions for 24 h (Fig. 5) . A western blot analysis showed that the HIF-1α siRNA transfection decreased the amount of HIF-1α proteins and increased the amount of MICA proteins in osteosarcoma cells cultured under both normoxic and hypoxic conditions (Fig. 6A) . A flow cytometric analysis showed that the increase in the amount of MICA proteins in the osteosarcoma cell lines reflected the increase in cell surface MICA (Fig. 6B) . The HIF-1α siRNA transfection increased the amount of soluble MICA in the medium of all three osteosarcoma cell lines cultured under hypoxic conditions and in the medium of U2-OS cells cultured under normoxic conditions, while the amount of soluble MICA in the medium of HOS and SaOS-2 cells cultured under normoxic conditions was undetectable (Fig. 6C) .
Participation of NO in the hypoxia-induced decrease in the MICA expression.
The participation of NO in the hypoxiainduced decrease in the MICA expression was examined. First, osteosarcoma cells were cultured for 24 h under normoxic and hypoxic conditions and the amount of NO metabolites (NO 2 and NO 3 ) in the medium was assayed. Hypoxia decreased the amount of NO metabolites in the medium (Fig. 7A) . Next, the effects of the NO donor (NOC18) on the amounts of HIF-1α and MICA proteins in the osteosarcoma cell lines were examined. The NO donor increased the amount of NO metabolites markedly (Fig. 7A) . The NO donor did not affect the amount of HIF-1α proteins under either normoxic or hypoxic conditions; however, the amount of MICA under both normoxic and hypoxic conditions was observed to decrease. 
Discussion
Hypoxia downregulated the expression of MICA on the surface of osteosarcoma cells. Osteosarcoma cells secreted a relatively small amount of soluble MICA, compared to that of soluble MICB, in the medium, and hypoxia did not increase the secretion of soluble MICA. Siemens et al (18) and Barsoum et al (19) have shown that hypoxia decreases the expression of MICA on the surface of prostatic and breast cancer cells and ascribes this decrease to the proteolytic cleavage of cell surface MICA by ADAM10 (a disintegrin and metalloproteinase 10). The tumor cells used for their experiments secreted a much larger amount of soluble MICA than osteosarcoma cells. Furthermore, hypoxia for 24 h did not affect the expression of ADAM10 mRNA in osteosarcoma cells (data not shown). Therefore, the difference between their results and ours may be due to the use of different tumor cells.
Hypoxia did not decrease the expression of cell surface NKG2D ligands, except for that of cell surface MICA. Since hypoxia did not affect the expression of MICA mRNA in spite of a decrease in cell surface MICA, the decrease in the expression of cell surface MICA may be ascribed to an attenuated translation of MICA mRNA or a rapid degradation of MICA in osteosarcoma cells under hypoxia. On the other hand, hypoxia showed only slight effects on the expression of cell surface MICB or the secretion of soluble MICB. Hypoxia for 3, 6 and 24 h did not affect the expression of MICB mRNA (data not shown). The mechanisms underlying the fact that hypoxia exerts different effects on cell surface MICA and other NKG2D ligands must be further investigated.
Hypoxia increased the expression of HIF-1α without increasing the amount of HIF-1α mRNA, as a result that is in agreement with those of previous reports (5, 7) . Furthermore, the knockdown of HIF-1α mRNA increased the expression of MICA mRNA and cell surface MICA and concomitantly increased the secretion of soluble MICA. These results show that the effects of hypoxia on the expression of cell surface MICA are mediated by HIF-1α. It has been reported that HIF-1α upregulates the expression of MICA in human renal proximal tubular epithelial cells and cardiomyocytes (25, 26) . The effects of HIF-1α on the expression of cell surface MICA may be different between tumor cells and normal cells.
Several studies have shown that hypoxia-induced inhibition of NO production is linked to hypoxia-induced tumor invasion, metastasis, resistance to chemotherapy and shedding of cell surface MICA (18) (19) (20) (21) (22) . In this study, hypoxia also induced the inhibition of NO production in osteosarcoma cells. However, under hypoxia the NO donor NOC18 decreased the expression of MICA in osteosarcoma cells. These results indicate that hypoxia-induced inhibition of NO production is not linked to the hypoxia-induced decrease in the expression of MICA in osteosarcoma cells.
Under both hypoxia and normoxia, NOC18 showed only slight effects on the expression of HIF-1α; however, NOC18 decreased the expression of MICA in osteosarcoma cells. Therefore, it is likely that NO modulates the hypoxia-induced HIF-1α-dependent decrease in the expression of MICA in osteosarcoma cells.
The present and previous studies (18, 19) show that hypoxia decreases the susceptibility of tumor cells by reducing the expression of cell surface MICA, although the mechanisms of the reduction in the expression of cell surface MICA differ. Hypoxia has been reported to attenuate the antitumor activity of cytotoxic immune cells (17) . Therefore, a hypoxic microenvironment seems to be more conducive to allowing tumor cells to escape from immune surveillance.
